The ever-improving technology to generate induced pluripotent stem cells (iPSCs) has increased their potential use as novel candidates for disease modeling, drug screening, regenerative medicine and cell therapy. Indeed, iPSCs offer extensive capacity for self-renewal without the ethical concerns faced by embryonic stem cells (ESCs). With respect to potential applications in the immune system, many studies provide evidence to support that there are exclusive advantages to using iPSCs over other systems. Both hematopoietic stem cells and several types of mature immune cells have successfully been reprogrammed to iPSCs and vice versa, paving a path toward our ability to effectively model patient-specific diseases and provide potentially alternative cell sources for transfusion medicine. Despite these potential advances, some limitations regarding the use of iPSCs in the clinic still remain, including the immunogenicity of iPSCs and their derivatives, which is currently under debate in the field. In this review, we mainly focus on discussing the recent progress being made in the latest differentiation methods and clinical implications of iPSCs with respect to the immune system. Additionally, current issues regarding the clinical application of iPSCs are addressed, especially the controversy surrounding immunogenicity, along with various other perspectives.
INTRODUCTION
Stem cells have unlimited self-renewal capacity and can differentiate into specific cell types. In light of their differentiation potential, stem cells are divided into the following categories with decreasing plasticity: totipotent, pluripotent and multipotent.
1 While totipotent cells can differentiate into all cell types, including extra-embryonic tissue, pluripotent cells are more limited and include embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). Multipotent stem cells, like hematopoietic stem cells (HSCs), are even more limited and can only commit to several lineages within a tissue. Although ESCs, first isolated from in vitro cultures of mouse blastocytes, 2 have broad applications to regenerative medicine and for tissue replacement, acquiring ESCs requires oocytes and embryo destruction, which raises ethical debates. Moreover, because immunogenicity between the ESCs and the recipients is different, cell transfusion therapy could potentially lead to immunological rejection. Therefore, to avoid these potential concerns, many scientific approaches have successfully used pluripotent stem cells instead of ESCs. In 2006, Dr Shinya Yamanaka showed that the pluripotency of iPSCs was comparable to ESCs and that the technique he used to obtain iPSCs without oocytes or embryos was easy and feasible; indeed, this novel technique was revolutionary enough to earn him the 2012 Nobel Prize in medicine. One of the most exciting applications of iPSCs is its potential use in generating hematopoietic cells and/or various specific immune cells for broad clinical application in numerous diseases. In this review, we highlight the past and present strides in iPSC generation methods and discuss the potential immunotherapeutic applications of iPSCs with its advantages and remaining limitations, including iPSC immunogenicity, as well as some perspectives and potential improvements for the future.
ADVANCES IN IPSC GENERATION METHODS
Various reprogramming techniques have been used to generate iPSCs, including integrating vectors, non-integrating vectors, excisable integrating vectors and non-vector systems. For integrating vectors, Takahashi and Yamanaka converted mouse embryonic fibroblasts (MEFs) and mouse tail-tip fibroblasts to iPSCs for the first time by retroviral vectormediated delivery of four reprogramming factors (Oct4, Sox2, Klf4 and c-Myc). 3 In 2007, Yu et al. 4 used lentiviruses carrying Oct4, Sox2, Nanog and Lin-28 to reprogram human fibroblasts into iPSCs. Although this method can successfully reprogram cells into iPSCs, integrating retroviral DNA into the host genome may lead to insertional mutagenesis, which can cause malignant tumor formation or leukemia. Therefore, approaches to generate iPSCs without altering the host genome are preferred for future clinical therapy purposes.
As an attempt to reprogram cells into iPSCs without requiring genome integration, the Hochedlinger group utilized nonintegrating adenoviruses transiently expressing Oct4, Sox2, Klf4 and c-Myc to generate iPSCs from fibroblast and liver cells. Intriguingly, no tumor formation was observed in any chimera progeny up to 20 weeks of age. 5 Another team led by Shinya Yamanaka confirmed that adenoviral transgenes did not integrate into the iPSC host genome, and they used plasmids to reset somatic cells into the pluripotent state. 6 Similarly, Yu et al. 7 created human iPSCs (hiPSCs) by first using nonintegrating orip/EBNA1-based episomal vectors, which stably replicated themselves in a stable extra-chromosomal form in mammalian cells, and then subcloning by drug selection to separate the hiPSCs. Although these non-integrating vectors can also successfully generate iPSCs, their main drawback is the relatively low reprogramming efficiency compared to the integrating vectors.
Later, other investigators moved away from genetically based techniques and focused instead on directly using the necessary proteins. As the first demonstration that iPSCs could be generated by the protein-transduction method, the four reprogramming factors were fused with a poly-arginine protein transduction domain, and the fusion protein was delivered to reprogram OG2/Oct4-GFP reporter MEF cells. 8 The conspicuous advantage of this reprogramming method is that it effectively excludes any risk posed by manipulating the genome of the targeted cell. Subsequently, another protein-based reprogramming approach adopted a certain group of embryonic stem cell-derived extract proteins, rather than DNA or RNA, to fully reprogram adult fibroblasts. 9 Recently, Hou et al. transformed mouse somatic cells to the pluripotent state using only small-molecule compounds, providing another convenient pathway to generate iPSCs without genetic intervention. 10 Encouragingly, Israeli scientists 11 uncovered the crucial molecular hurdle in the reprogramming process-Mbd3, a core member of the Mbd3/nucleosome remodeling and deacetylation repressor. By applying OSKM transduction plus Mbd3 depletion, they synchronically reprogrammed mouse/human somatic cells with efficiencies near 100% within 7 days, a giant leap forward in reprogramming.
While the above-mentioned studies were achieved completely in vitro, whether iPSCs could be induced directly in vivo remained unclear. Recently, Abad et al. 12 achieved this difficult task. In this striking study, the authors generated reprogrammable mice carrying a doxycycline-inducible cassette encoding the four reprogramming factors and demonstrated that the reprogrammed iPSCs acquired totipotent characteristics that were passed on by the zygote and its immediate daughter cells, which in vitro-generated ESCs and iPSCs could not accomplish. In summary, various cell types have already been reprogrammed to iPSCs, and, accordingly, iPSCs have been guided to differentiate into many different cell types. The remainder of this review focuses on the induction and redifferentiation of iPSCs to cells in the immune system, specifically to HSCs and fully differentiated immune cells (Figure 1 ).
IPSCS CAN REDIFFERENTIATE INTO TO HSCS
To date, it remains difficult to expand HSC or hematopoietic progenitor cell (HPC) populations in vitro, limiting their wide use in bone marrow transplantation. However, combining iPSC technology with hematopoietic differentiation protocols has the potential to produce a multitude of histocompatible HSCs for clinical use. To this end, with the availability of hiPSCs, the next step of obtaining HSCs/HPCs from hiPSCs can now be achieved. Since various hematopoietic-derived cell types have been successfully induced from human ESCs (hESCs), including red blood cells, [13] [14] [15] [16] monocytes, 17 dendritic cells (DCs), 18 megakaryocytes 19 and lymphocytes, 20 it is anticipated that hiPSCs can also differentiate into hematopoietic cells using similar methods previously applied to hESCs.
Practically speaking, several reports already demonstrate that hiPSCs can commit to hematopoietic lineages, imitating the hESCs differentiation process. Park et al. 21 first validated this using hematopoietic colony-forming assays. They identified apparent myeloid and erythroid colony formation from embryoid bodies (EBs) differentiated from hiPSC lines. Later, human CD34
1 cell-derived iPSCs were induced to differentiate into CD34
1 CD45 1 cells in feeder-and serum-free conditions following a modified method to EB formation, demonstrating that purified CD34
1 CD45 1 cells could be derived from these hiPSCs. 22 Another study reported that a step-wise generation of osteoclasts from iPSCs yielded a monocyte-macrophage lineage population using defined factors in the absence of serum and feeder cells through an EB formation intermediate. 23 Aside from using EB formation to guide iPSCs into the hematopoietic lineage, mouse OP9 stromal cells can also be harnessed to direct the differentiation of hiPSCs through coculture. Choi et al. 24 used this system to generate hematopoietic cells from seven hiPSC lines, finally obtaining CD34 1 CD43 1 hematopoietic progenitors. Using the same coculture system, they also yielded myelomonocytic cells from pluripotent stem cellderived lin 2 CD34 1 CD43 1 CD45 1 progenitors via a protocol similar used to the one used to derive these cells from hESCs. 25 The Douay research group reported for the first time that differentiation from initial hiPSCs into enucleated, fetal hemoglobin-containing red blood cells could occur in its entirety through a process involving an EB formation intermediary and additives, including essential cytokines, which provided the final push toward differentiation into mature red blood cells. 26 Undoubtedly, this technical achievement will open new avenues for transfusion medicine. Collectively, these studies offer the proof-of-principle evidence to support that hiPSCs reprogrammed from different cellular origins can redifferentiate into hematopoietic cells via EB formation or coculture with mouse OP9 stromal cell lines.
POTENTIAL CLINICAL APPLICATIONS OF HIPSC-DERIVED HEMATOPOIETIC CELLS
On the clinical side, iPSCs have the potential to treat monogenetic diseases either by correcting somatic cell defects through reprogramming or by gene-targeting techniques. In a humanized knock-in mouse model of sickle-cell anemia, iPSCs were transfected with the human b A wild-type globin gene by homologous recombination. Then, HPCs derived from these corrected iPSCs were transplanted to irradiated male hb s /hb s mice, restoring levels of all hematological indexes of sickle cell anemia back to normal. 27 Raya et al. 28 successfully derived patient-specific pluripotent cells from genetically corrected fibroblasts and keratinocytes, which were phenotypically disease-free; these corrected iPSCs were then successfully differentiated into hematopoietic erythroid and myeloid lineage progenitors that continued to maintain the disease-free phenotype. These studies are significant, as they establish new pathways for implementing iPSC therapy, especially the disease-modified, patient-specific iPSCs. They further indicate that iPSCs may become a platform for personalized medicine by allowing a patient's own autologous cells to be used as a source of therapeutic tissue, including HSCs.
In another interesting potential application of this technology, we can use iPSCs to recapitulate disease conditions to better understand the underlying mechanisms and pathogenesis of specific diseases. As an example, Ye et al. 22 harvested peripheral blood CD34
1 cells from patients with myeloproliferative disorders and reprogrammed them into iPSC lines, which were then redifferentiated into hematopoietic lineages. The resulting HPCs exhibited disease-specific gene expression patterns and abnormal erythropoiesis, resembling the primary CD34 1 cells from the patient. This study corroborates that iPSCs can also be used as a powerful tool to model blood diseases characteristic of acquired somatic mutations. and HSCs 31 could commit to T lymphocytes. This study also demonstrated that iPSC-derived T cells could be successfully utilized for adoptive immunotherapy in a mouse system, laying the foundation for ultimately generating and applying diseasespecific iPSC-derived T cells in clinical medicine. Nevertheless, B cell-or T cell-originated iPSC lines for cell replacement therapy should be adopted with discretion, considering that such iPSC-derived adaptive immune cells may result in a limited antigen-recognition repertoire. 32 Confirming this presumption, one report showed that iPSCs originating from different cell types manifested different transcriptional and epigenetic patterns, as well as disparate differentiation potentials, although these differences were weakened by continued passaging of iPSCs. 33 Another lymphocyte, the natural killer T (NKT) cell, is known not only for secreting Th1 cytokines to generate antitumor activity, but also for playing multiple roles in regulating immune responses, such as those involved in antiviral immunity and transplant rejection. 34, 35 However, acquiring adequate NKT cell numbers from patients to induce effective immune responses is currently an obstacle for immunotherapy, which could potentially be addressed using iPSCs as a renewable source of NKT cells. Providing evidence that this method is feasible, Watarai et al. 36 successfully induced functional NKT cells in vitro for the first time from iPSCs derived from either MEFs or splenic NKT cells. Importantly, these iPSC-derived NKT cells were also functional, as they produced high IFN-c levels even without expressing mature cell surface phenotypes, fulfilling the adjuvant effect that NKT cells have on antitumor responses. Taken together, this mouse model will undoubtedly facilitate human NKT cell production from iPSCs for clinical benefit.
In terms of monocyte-lineage immune cells, DCs are the most potent antigen-presenting cells. Thus, DC-based cellular vaccination provides a powerful means for immunotherapy, especially against cancer. In addition, antigen-specific negative regulation of immune response by DCs is considered to be a promising approach to treat autoimmune diseases and in transplant medicine. At present, human DCs are normally generated from peripheral blood-derived monocytes, which cannot propagate in vitro, presenting the following issues that limit the therapeutic applicability of these DCs: the finite numbers of available monocytes in a patient's blood and the varying DCdifferentiation potential among monocytes from different blood donors. Since iPSCs can overcome this limitation given their unlimited propagation capacity, iPSCs may be an ideal source for DCs that can broaden their immunotherapeutic applicability. Towards this end, Senju et al. 37 reported that the iPSC-derived DCs are functional in that they effectively processed and presented antigens, stimulated T cells, and produced cytokines.
In the vaccinology field, side effects are an ever-present risk of traditional vaccine methods, 38 and the functional effectiveness of vaccines depends on the ability of an individual's immune cells to handle the vaccine, which varies greatly within a population. iPSC technology presents an optional pathway to vaccination. Functionally equivalent to hESCs in many respects, hiPSCs can be genetically or chemically manipulated in vitro to become memory B cells that secrete various functional antibodies, 7, 21, 39 which ultimately can be transfused back into the human. Since this whole process can occur outside of the human body, many of the possible adverse side effects are obviated, providing a safer way to administer vaccine protection. This iPSC-derived memory B cell-based vaccination method would be most beneficial for specific populations in which the traditional vaccination method is unsuitable, such as those with gravida, HIV and autoimmune disease.
Considering all of these potential immune-based applications of iPSCs, we are optimistic about the personalized medicine aspect of iPSC technology development. 40 
IMMUNOGENICITY OF IPSCS
Despite the many advantages that iPSC technology can offer for immune-based therapy, there are potential concerns that must be addressed in order to ensure the safety and success of this new technology in the clinic, including the potential immunogenicity of iPSCs. Theoretically, iPSCs generated from syngeneic autologous cells can prevent or abate immune rejection, which is also the most fascinating future clinical application of iPSCs. However, Zhao et al. 41 reported that Suspending in a-MEM supplemented with 20% FCS and seeding onto OP9 cell layers (steps 1 and 2) and later in RPMI-1640 medium supplemented with 10% FCS in addition to GM-CSF, 2-ME, IL-4, TNF-a and anti-CD40 mAb (step 3)
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iPSCs and their application in immunotherapy ZP Jiang et al teratomas generated by iPSCs derived from the retroviral integration method engendered strong immune responses. Moreover, C57BL/6 (B6)-background iPSC lines derived from non-integrated episomal and plasmid vectors consistently showed immunogenicity upon implantation into B6 mice, albeit lower than retroviral-derived iPSCs. Recently, however, several studies provided evidence to support a different point of view regarding the immunogenicity of iPSCs. [42] [43] [44] While the above-mentioned study by Zhao et al.
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only used a single line of syngeneic ESCs, Araki et al. 43 tested seven iPSC and five embryonic stem cell lines to verify that no pronounced differences in immunogenicity existed between the teratomas formed by iPSCs and ESCs. In fact, the disparities between iPSC-or ESC-derived clones perhaps deserve more attention than the differences between these two pluripotent stem cells. In a separate study, Guha and colleagues 42 explored the immunogenicity of endothelial cells, hepatocytes and neuronal cells derived from ESCs and iPSCs in vitro, differing from the Araki et al.'s 43 study that used grafts originating from chimeric mice. Their coculture and transplantation experiments jointly affirmed that undifferentiated, syngeneic iPSCs and their progeny-including partially differentiated EBs and tissue-specific cells-did not exhibit any immunogenicity, either in vitro or in vivo. Thus, these two studies emphasized that iPSCs and their descendants exhibit little immunogenicity, contradicting previous conclusions. 41 Perhaps this seeming contradiction can be attributed to the different viral vectors and different pluripotent stem cell lines used in the respective studies. A very recent study 44 using two hESC and five hiPSC strains also showed that different pluripotent cells possessed varying levels of immunogenicity. Furthermore, natural killer receptor ligand expression on hiPSCs, which are comparable to somatic cells, and enhanced HLA-E expression sharpens the prospect of using iPSCs in clinical applications, even though the compromised antigen-presentation ability of human stem cells and the upregulation of other related immune genes promoting immune privilege. Since iPSCs have been shown to manifest the capacity for highly heterogeneous hematopoietic differentiation, these studies also further support the necessity to screen large numbers of individual iPSC lines before use in downstream applications. 24, 45 In order to completely eliminate such potential hazards when using iPSC in regenerative medicine, it is exigent and imperative for us to develop safer and more convenient approaches to producing iPSCs with less immunogenicity, such as using small-molecule compounds without artificial genetic manipulation. 10 On the other hand, perhaps launching an iPSC bank containing cells from many individuals in a population for increased chances of HLA-type matching 46, 47 is a more practical pathway for using iPSCs in the clinic, similar to what Yamanaka has proposed 48, 49 and what has already been set up for ESCs. 50 Such a bank may save time normally spent on inducing and evaluating iPSCs created from each specific individual. In conclusion, we should be cautiously optimistic in terms of using iPSCs in future clinical applications; moreover, we should thoroughly evaluate the immunogenicity of each specific hiPSC strain and its derivatives in order to establish an iPSC bank with iPSCs that are genuinely available for clinical use (Figure 2) . 
PERSPECTIVES OF IPSCS AND ALTERNATIVES FOR THE FUTURE
Since iPSCs possess similar properties to ESCs without the ethical issues, this type of pluripotent stem cell holds great promise for regenerative medicine. Additionally, patient-specific iPSCs in particular could provide an invaluable tool for remodeling genetic disease, as patient-generated iPSCs would likely retain some of the genetic imprinting of the parental somatic cells. 33, 51, 52 However, some obstacles remain that impede our progress toward clinical use and need to be surmounted before this can become a reality. One remaining obstacle is in teratoma formation. 53 iPSCs are not uniform even within a homologous clone, 54, 55 which could be harmful if a few aberrantly reprogrammed cells lead to immature teratoma formation after entry into patients. This effect could be exacerbated compared to hESCs, as hiPSCs exhibited higher efficiency and shorter latency than hESCs independent of the injection site in an in vivo teratoma assay. 56 Thus, finding appropriate methods to direct iPSC differentiation into the desired cell type is of the utmost importance.
Another obstacle to overcome is histocompatibility. Polymorphic major histocompatibility complex class I molecules form the most formidable immunological barrier preventing successful transplantation of pluripotent stem cell-derived allografts, since these cells are targets of alloreactive CTL by either direct or indirect allorecognition. 57 Intriguingly, iPSCs are killed more efficiently than MEFs, and natural killer cells also contribute to rejection in vivo. 58 Consequently, it is imperative that histocompatible iPSC lines be employed in the near future, such as those derived from iPSC banks. In terms of disease modeling, effectively recapitulating disease pathogenesis by relying on cells derived from patient-specific iPSCs can be difficult, as the effects of aging and environment on the body cannot simply be simulated within in vitro conditions or in other host organisms. Moreover, many diseases may involve interactions among various cell types within the organism, which is also difficult to recapitulate in cell-autonomous conditions. Due to various limitations associated with iPSC technology, several new alternative cells with properties similar to iPSCs are quite attractive and offer several advantages over iPSCs. A new type of human adult stem cell called the 'multilineage-differentiating stress-enduring (Muse) cell' can differentiate into the three germ layers and do not form teratomas in immunodeficient mice, likely making them safer than iPSCs. Moreover, unlike iPSCs, they are easily obtained from human mesenchymal cells without introducing exogenous reprogramming factors. 59 As another alternative, directly converting one type of somatic cell into another functional somatic cell without first passing through an intermediate undifferentiated state has proven feasible. For example, combining only three transcription factors (Ascl1, Brn2 (also called Pou3f2) and Myt1l) was sufficient to convert mouse embryonic and postnatal fibroblasts into functional neurons in vitro with high efficiency; indeed, the resultant induced neuronal cells exhibited multiple neuron-specific markers, produced action potentials and shaped functional synapses. 60 Analogously, another set of three transcription factors (Ngn3, Pdx1 and Mafa) converted adult mouse pancreatic exocrine cells into cells closely resembling pancreatic b-cells, which shared similar properties to endogenous islet b-cells in terms of morphology, size, gene expression and insulin secretion. 61 Thus, these new technologies may provide alternatives not only for iPSCs or ESCs, but also for regenerative medicine in general.
To sum up, iPSC technology bring a brand new hope for benefiting humans in many ways; however, the immunogenicity of iPSCs should first be taken into considerations and arouse our sufficient attentions. Next, we may need to evaluate the immunogenicity of the specific iPSC strain rather than generalizing all the iPSCs. From the optimistic point of view, in addition to the progress of generating iPSCs and mechanism study, we could also differentiate iPSCs to other immunosuppressive regulatory cells, such as regulatory DC, 62 to reduce the potential immune responses elicited by iPSCs and their derivatives. Therefore, it can be wholly expected to extensively apply iPSCs in future clinical medicine.
